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 Purpose: To evaluate precision and trueness of 5 dental intraoral scanners. 
Materials: Mixed material master cast. 5 types of scanners, 5 scans per machine. Compare test 
scans with master scan using software. Statistically examine precision and trueness. Scanners: iTero 
Element, iTero Element 2, 3Shape TRIOS, 3Shape TRIOS 3, Dentsply Sirona Primescan. Master scanner: 
GOM ATOS Core 135. Software: GOM Inspect. 
Results: Posterior Sextant: Primescan had best precision. Anterior Sextant: TRIOS 3 had best 
trueness and precision. CoCr Crown: Element and Element 2 had best trueness and precision. Full Arch 
(Telio CAD): TRIOS 3 had best trueness. Cross-Arch distance: Element 2 had best trueness. CoCr crown 
adjacent to Telio CAD: Primescan had best trueness, Element had best precision. PEEK scanbody 
adjacent to Telio CAD: TRIOS 3 had best trueness. 
Conclusions: Tested scanners can be appropriate for clinical use. Although clinicians may focus 
on trueness, bigger differences may be in precision. 
  
ABSTRACT 
Ryan E. Abbott: Evaluation of the Accuracy of 5 Digital Intraoral Scanners: In Vitro Analysis Using 3-
Dimensional Computerized Metrology 
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The digital Intra-Oral Scanner (IOS) is a current area of technological development in dentistry. 
Digitization of the fabrication of indirect restorations can lead to improved efficiency in the dental 
laboratory, and digital workflows represent the major growth segment in the dental laboratory industry 
worldwide. (1) Intraoral scanning can bring some of the benefits of digitized workflow to the clinic, with 
studies finding adequate accuracy comparable to conventional impressions and potential for improved 
patient comfort and operator preference. (2) Intraoral scanning also can eliminate the need for cast 
fabrication and shipping to the laboratory, and total workflow costs for a single-unit abutment and 
crown restoration may be reduced by up to 18% with a digital workflow. (3) The benefits of IOS are not 
to be taken for granted, however. Some studies have found that patients actually preferred 
conventional impressions as being more comfortable, and that conventional impressions may take less 
time. (4) Moreover, although accuracy of IOS is typically comparable to conventional impressions in 
sextant (eg. Single-tooth) scanning, it is not uncommon to discover larger discrepancies in full-arch 
scanning. (5) For these reasons, it is vital to evaluate and validate accuracy of new-model scanners.  
The Dentsply Sirona Primescan was released in the United States on February 4, 2019. (6) The 
present study evaluated the Primescan, 3Shape TRIOS and TRIOS 3, iTero Element and Element 2 for 
trueness and precision.  
  
                                                          
1 (ReportsnReports, 2017) 
2 (Aragón, Pontes, Bichara, Flores-Mir, & Normando, 2016) (Atieh MA, 2017) 
3 (Joda & Bragger, 2015) 
4 (Aragón, Pontes, Bichara, Flores-Mir, & Normando, 2016) 
5 (Atieh MA, 2017) 






Nedelcu and Persson (7) compared scanning of different materials, specifically Telio CAD 
PMMA, titanium, zirconia, and gypsum dental stone, and found that material sometimes 
influenced the accuracy of a scanner. They particularly identified Refractive Index, a measure of 
how light is bent as it transitions from one medium to another, as a factor in scanner results 
since it affects the light information that a scanner’s sensor receives. Based on this concept, 
Renne, Ludlow, et al (8) fabricated a model with Telio CAD PMMA  resin crowns because it has 
a refractive index similar to that of enamel. Telio CAD has a reported refractive index of 1.49, while 
that of enamel is 1.63 and dentin 1.54. (9) They scanned the model with different intraoral 
scanners and an industrial reference scanner and compared the results using computer 
mapping-overlay software. A similar protocol was also used by Ender, Zimmermann, and Mehl 
(10) when they tested a conventional impression using PolyVinyl Siloxane poured in Type IV 
gypsum and scanned with an InEos X5 laboratory scanner, 3Shape TRIOS 3 (Normal and Insane / 
high speed modes), Carestream CS 3600, Medit i500, iTero Element 2, Cerec Omnicam (Cerec 
software versions 4.6.1 and 5.0.0), and Primescan. Nedelcu & Persson also found that adding 
excess titanium dioxide powder as a scanning medium did not have a statistically significant 
impact on scanning accuracy, but that scanning medium did tend to yield more accurate results. 
                                                          
7 (Nedelcu & Persson, 2014) 
8 (Renne, et al., 2017) 
9 (Meng, et al., 2009) 
10 (Ender, Zimmermann, & Mehl, 2019) 
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In accordance with these findings, we used scanning medium on the model for our master 
scans, which we performed last to avoid residual medium for any of the test scans. 
We replicated aspects of the cited protocols by utilizing different materials in our model, 
particularly Telio CAD to simulate enamel, a reflective CoCr crown, and a PEEK implant scanbody since 
these are common intraoral scanning challenges. We also used metrology software to compare digital 
models in much the same way as the other authors. Use of a similar protocol should facilitate 
comparison with the previously-tested scanners and inclusion in meta-analyses. 
The comparisons we made were for the evaluation of scanner accuracy. Accuracy is defined by 
the International Organization for Standardization (ISO) as being comprised of ‘Trueness’ and ‘Precision’. 
(11)(12). 
Trueness (historically referred to by the more emotionally laden term Bias) is a way of 
expressing the closeness of a measurement method’s results to an accepted reference value. Often, the 
physical constant being measured is inherently unknowable with perfection, but trueness can be 
determined by comparing test measurements to a very accurate reference measurement. In this study, 
we compared test scans to a reference scan from a highly true and precise master scanner (the GOM 
ATOS Core 135). In cases where many samples are available, Trueness can be described by comparing 
the Mean of the measurements to the reference value, which his how we report our results. 
Precision is a term for variability between repeated measurements. When a measuring 
instrument or process has high precision, successive measurements are very close together (irrespective 
of their closeness to the actual thing being measured). In the real world, precision can be affected by 
many factors, including the operator; the actual equipment used; calibration of the equipment; 
                                                          
11 (International Organization for Standardization, 1994) 
12 (Hulley, Cummings, Browner, Grady, & Newman, 2013) 
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environmental conditions such as 
temperature, ambient light, 
intraoral humidity; and time elapsed 
between measurements. In our 
study, we are attempting to 
evaluate differences between 
equipment used and control the 
other factors. One operator 
performed all measurements, using as close to the same scanning protocol as possible on each scan. The 
scanners were all calibrated before testing, with the exception of the iTero machines because we were 
not able to identify a user calibration protocol. Ambient light was ‘normal’ indoor conditions, although 
this variable could be difficult to control for machines in different locations. Intraoral humidity was not 
simulated; therefore, all measurements were made at ‘unremarkable indoor’ humidity conditions. 
Finally, all measurements on a specific machine were made consecutively in one session. As a measure 
of variability, precision is usually expressed in terms of the Standard Deviation of measurements—and 
we follow this method in reporting our results.  
  
 
Adapted from: Hulley et al., 36 






STATEMENT OF PURPOSE 
The purpose of this study is to augment the body of literature regarding leading commercially 
available Intra-Oral Scanners. This will assist clinicians in evaluating the suitability of IOS for clinical use, 
particularly in full-arch applications where IOS have struggled to provide results comparable to 
traditional, physical impression methods. 
We evaluated the trueness and precision of the following intraoral scanners: 
• Dentsply Sirona Primescan 
• 3Shape TRIOS 
• 3Shape TRIOS 3 
• iTero Element 
• iTero Element 2 
HYPOTHESIS 
 The null hypothesis is that there are no statistically significant differences in trueness or 
precision of the tested scanners when compared with the digital model produced by the industrial 
reference scanner, the GOM ATOS Core 135. 
 The GOM ATOS Core 135 is a high precision, high trueness bench-top scanner that scans the 
entire cast simultaneously. It also optionally uses titanium dioxide scanning medium to coat the cast 
with a uniform, easily scannable material. In contrast, Intra-Oral Scanners must fit into a patient’s mouth 
and therefore can only capture images of a localized part of the dentition. They must stitch these images 
together to produce a complete digital cast. Moreover, all current IOS eschew scanning medium in favor 
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of patient and operator convenience. This means they must deal with various materials with different 
reflective properties and refractive indices to produce a unified digital cast. In order to satisfy the null 
hypothesis, the IOS must overcome these limitations and produce casts with the same accuracy as the 








Intraoral Scanners  
• Dentsply Sirona Primescan (5 scanners) 
• 3Shape TRIOS (3 scanners) 
• 3Shape TRIOS 3 (5 scanners) 
• iTero Element (2 scanners) 
• iTero Element 2 (3 scanners) 
 
Industrial Scanner  
• GOM ATOS Core 135  
 
Reference Model  
• Dentoform, Columbia M-PVR-1560 (Maxillary only) 
• Type IV Gypsum die stone, Whip Mix Silky-Rock, ISO Type 4  
• Milled Telio CAD PMMA crowns (14 ct, teeth 2-15)  
• Implant Analog, Straumann Bone Level RC 025.4101  
• Scanbody, Straumann CARES RC Mono 025.4915  
• Crown, CoCr, produced by Selective Laser Melting (SLM) 






• Triad TrueTray UDMA sheets  
• PVS impression material, Dentsply Aquasil Ultra+ LV REF 170119, Aquasil Ultra Heavy REF 
170411  
• Impression Post, Straumann RC, PEEK, screw-retained REF 025.4205  
• V.P.S. Tray Adhesive, Kerr REF 25777  
• GOM Inspect Professional software version 2017 Hotfix 7, Rev. 113517, Build 2018-11-12, 
including Inspection Kernel GOM v2.0.1 
THE SCANNERS 
Dentsply Sirona Primescan 
The Primescan was released in the United States on February 4, 2019. (13) Dentsply Sirona was 
the original intraoral scanner company with their CEREC line, and they estimate that 30,000 of their 
scanners are in use worldwide, producing a digital impression every 4 seconds on average. The 
Primescan is their latest scanner, and they report 
that it has high-resolution data processing 
capacity for 1,000,000 point per second data 
resolution composing more than 50,000 
consolidated images per second. (14) It has a 
dynamic scanning depth of up to 20 mm, meaning 
that it can resolve objects 20 mm away from the 
scanning wand, improving interproximal scanning 
                                                          
13 (Dentsply Sirona, 2019) 
14 (Dentsply Sirona, 2020) 
 Figure 2: Test scanners, Dentsply Sirona Primescan 
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ability. At the time of writing (April 2020), several new studies have been published evaluating the 
accuracy of the Primescan. (15)(16)(17)(18)(19)(20) 
3Shape TRIOS 
The 3Shape TRIOS has been available since January 2012, about the same time as Sirona’s 
Omnicam. (21, 22) (Dentsply International Inc. and Sirona Dental Systems Inc. merged in February 2016. 
(23)) The TRIOS introduced high speed, color, and scanning without titanium dioxide scanning medium. 
3Shape TRIOS 3 
The 3Shape TRIOS 3 was released at the International Dental Show in Cologne, Germany on 
March 10, 2015. (24) Besides enhanced speed, added features included a pen grip form factor for the 
scanner, intraoral camera function, and teeth shade measurement tool. 3Shape touts its compatibility 
with many different workflows, and the scanners are popular for communicating with independent 
dental laboratories. Accuracy has been well established in the literature, with 3Shape citing verification 
by at least 18 independent studies. They claim ideal trueness of 6.9 ± 0.9 µm and precision of 4.5 ± 0.9 
µm (25). 
iTero Element 
Align Technology is responsible for the Invisalign orthodontic system, and their iTero scanner is 
closely integrated with that system. It was announced in March 2015 at the International Dental Show in 
Cologne, Germany (same as the TRIOS 3) for release in late 2015. It superseded the prior iTero Scanner 
                                                          
15 (Schmidt, Klussmann, Wöstmann, & Schlenz, 2020) 
16 (Cao, et al., 2020) 
17 (Reich, Yatmaz, & Raith, 2020) 
18 (Zimmerman, Ender, & Mehl, 2020) 
19 (Passos, Meiga, Brigagão, & Street, 2019) 
20 (Ender, Zimmermann, & Mehl, 2019) 
21 (3Shape A/S, 2012) 
22 (Puri, 2012) 
23 (Endeavor Business Media, LLC, 2016) 
24 (3Shape A/S, 2015) 
25 (3Shape A/S, 2019) 
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with improved imaging technology for 20x faster scan speed, higher accuracy, and color rendition. (26) 
The user interface emphasizes simplicity.  
iTero Element 2 
The iTero Element 2, released in April 2018, was built on the imaging platform of the Element 
scanner but boasted more robust computing hardware with 2x faster startup and 25% faster scan 
processing. These upgrades provided improved processing capability in scanning full arches with their 
large amount of data. (27) 
  
                                                          
26 (Acquire Media, 2015) 








A reference model was constructed in 
the following manner. A Columbia maxillary 
dentoform with implant Impression Post 
(Straumann RC) attached at Universal 
Numbering System tooth position 1 was 
impressed using Aquasil PVS impression 
materials. The impression used a custom tray 
made from light-cured Triad TruTray UDMA 
sheets coated with Kerr V.P.S. Tray Adhesive. After the impression was separated from the dentoform, a 
Straumann Implant Analog (Bone Level RC) was attached to the Impression Post and the cast poured in 
Silky-Rock Type IV dental stone mixed according 
to the manufacturer’s recommended water to 
powder ratio. The resulting cast was prepared 
as for lithium disilicate full-contour crowns 
according to Rosenstiel’s recommendations 
(28), except for tooth 16, which received 
preparation for a metal alloy crown. The milled 
                                                          
28 (Rosenstiel, Land, & Fujimoto, 2001) 
 
 
Figure 3: Stone master model with crown 
preparations 
Figure 4: Master model: Type IV stone, CoCr and Telio 
CAD crowns, and PEEK scanbody 
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PMMA and metal alloy crowns were fabricated and luted to the stone cast teeth using GC Fujicem 2 
resin modified glass ionomer cement. A scanbody (Straumann CARES RC Mono) was attached to the 
implant analog, completing preparation of the reference model.  
We used a solid model, rather than directly scanning a dentoform, because the dentoform has 
many moveable joints between the simulated teeth and the dentoform frame; whereas a stone cast is 
rigid and therefore less susceptible to change between scans.  
The model was designed to present several scanning challenges to the various scanners. First, 
highly reflective surfaces commonly make it difficult for a scanner to lock onto a surface, so the CoCr 
crown was included to test this ability and the accuracy of the resulting surface scan data. 
Next, crowns 2 – 15 were made from Telio CAD resin to simulate enamel because they have 
similar refractive indices, as discussed in the Literature Review. (29) 
Implant scanbodies can be difficult for the scanners to stitch together due to their unique, non-
dentoform shape, and we found that some scanners scanned the scanbody more easily than others.  
Finally, the uniform surface of the palate was difficult for all of the scanners. Again, some 
performed better than others, while the artificial intelligence software of the Primescan refused to scan 
it at all. This could be seen as a potential advantage, since at least it avoided reporting inaccurate data. 
Whenever scanning uniform, featureless surfaces, we recommend placing adhesive markers to give the 
scan software more texture to work with.  
 
TEST SCANS 
The reference model was next scanned with representative scanners each of the Dentsply 
Sirona Primescan, 3Shape TRIOS and TRIOS 3, and iTero Element and Element 2 systems producing 
sample data digital models. Before scanning, the Primescan, TRIOS, and TRIOS 3 machines were each 
                                                          
29 (Nedelcu & Persson, 2014) 
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calibrated according to the manufacturer’s instructions. We were not able to calibrate the iTero Element 
or Element 2 machines because we were not able to identify a manufacturer-recommended procedure 
for user calibration. All scanner external optics were cleaned to spotless condition before scanning. The 
models were exported in the format of Standard Tessellation Language (STL), a common digital mesh 
interchange format. (30) We collected data from multiple machines of each type to enable us to 
evaluate the repeatability of performance between scanners of a given type, a feature of this study that 
we typically have not seen in other studies. Our goal was to collect data from 5 scanners of each type, 
although limited availability of the 3Shape TRIOS, iTero Element, and iTero Element 2 did not allow us to 
collect that many. Table 1 shows how many scanners of each type we were able to test. 
Scanner Type Number of Scanners Scans Per Scanner Total Scans 
Dentsply Sirona 
Primescan 
5 5 25 
3Shape TRIOS 3 5 15 
3Shape TRIOS 3 5 5 25 
iTero Element 2 5 10 
iTero Element 2 3 5 15 
Table 1: Number of scanners and scans of each type 
 
Mennito (31) and others have shown that scan pattern affects scanning results. Although we 
appreciate that optimal scan pattern can vary by scanner type, we found it difficult to vary the pattern 
                                                          
30 (Chakravorty, 2019) 
31 (Mennito, et al., 2018) 
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much when replicating intraoral full arch scanning. 
For this reason, we chose one ‘reasonable’ scan 
pattern and attempted to scan as uniformly as 
possible. Figure 5 shows the pattern we used. We 
started at tooth 1, passed along the occlusal 
surfaces around the arch (maintaining the 
angulation to capture some buccal and lingual 
surfaces to aid image alignment), turned to the 
palatal at the location of scanbody 16, passed 
around the arch capturing the palatal surfaces until reaching tooth 1, then crossed over to the buccal 
aspect and passed around the arch capturing the buccal surfaces until reaching scanbody 16. We then 
found it was necessary to fill in missed interproximal surfaces, palate, and facial gingiva as well. We 
sought to maintain as uniform movements as possible in filling in these areas, although variations in 
scanners’ ability to lock on to the previously scanned areas, as well as artificial intelligence tendency to 
delete sections, required significant variation in movements for these last areas. 




The reference model was scanned using a validated industrial reference scanner (GOM ATOS 
Core 135), which has been shown to have maximum repeatability of 3 μm at intraoral sizes. (32) We 
made 5 scans with the Core 135 to verify the precision of this scanner. We chose the digital model with 
the fewest apparent defects (for example unscanned interproximal or sulcular regions) for use as the 
master model for statistical comparison with the other scanners. Since scanning medium was found to 
remove the influence of refractive index and reflectivity of different materials, and the thickness of the 
medium was found not to have an adverse effect on accuracy (33), we applied a very thin layer of 
titanium dioxide powder to the master cast 
with an airbrush before performing the 
master scans. To avoid scanning medium 
affecting the test scans, this was done after 
all of the test scans. The master scanning 
procedures were performed professionally 
by engineers at Capture3D, Inc. (Cornelius, 
North Carolina, USA). 
 
 METROLOGY 
Each of the digital models was imported into GOM Inspect Professional software for 3 
dimensional metrology analysis. The digital test models were compared with the master model by the 
following procedure. First, the master model is imported into the software and assigned as the Nominal 
element for comparison. Next, the test models are imported and assigned as Actual elements for 
                                                          
32 (Dold, et al., 2014) 
33 (Nedelcu & Persson, 2014) 
Figure 6: Master scanning was performed with the 
GOM ATOS Core 135 industrial scanner. 
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comparison. The two models must then be aligned, where the software overlays the two models for the 
best mathematical fit. Once the two models are aligned, comparisons can be computed, where the 
computer measures the difference from the Master model to the Test model at each point on the 
surface of the model. The computer reports these as a set of statistical parameters, most usefully the 
Mean (Trueness) and Standard Deviation (Precision). It also depicts the models onscreen with regions 
color-coded showing the amount of deviation between the models, in micrometers. This visualization 








can be done in endless ways. The 
first point of decision involves the 
alignment: when the computer 
aligns the two models, should it 
calculate the best fit of all parts of 
the model, or should it favor a 
critical region, such as the teeth? 
Since different regions of the 
master model were made of 
various materials and gave 
different scanning results, 
alignment on each of these material regions makes a large difference in the overall alignment of the 
models. For the majority of our comparisons, we considered that teeth 2-15 (the Telio CAD crowns 
simulating dental enamel) were the most important region and therefore set the software to align with 
the best fit on these teeth. 
 Likewise, an endless array of comparisons can be made. We can compare the entire model or 
narrow the comparison to a specific region, such as Teeth 2-15 (Telio CAD crowns), Tooth 16 (CoCr 
crown), Scanbody 1, or the palate or gingiva (Type IV dental stone). We also made comparisons of the 
full arch, the posterior sextant (teeth 12-15), and the anterior sextant (teeth 6-11). Finally, we measured 




Figure 8: Cross-arch distance comparison. 
Nominal: Distance (µm) on the master model 
Actual: Distance on the test model 





Statistical analysis was performed by a statistician. For each outcome, we fit a linear mixed 
model with a random intercept for scanner and a fixed effect for scanner type. The random intercept for 
scanner accounted for the correlated scans within a scanner.  We then tested for the effect of scanner 
type. First, we did an overall test of whether any scanner types appeared to be significantly different 
from each other. If they did, we performed pairwise comparisons between all scanner types and 
adjusted these pairwise comparisons for multiplicity using a Scheffe correction. 
For each statistical model, we used the following parameters:  
Null hypothesis: The Mean Distance and Distance Standard Deviation are equal to 0 when the test 
models produced by a given scanner type are compared to the master reference model. We set the 
standard for statistical significance as P < 0.05. 
 In all, our analysis included 90 scans, and we ran 10 different statistical models for the five 
scanner types. In order to narrow these data down to a useful set, we will discuss our results in the 






QUESTION 1: WHICH TYPE OF SCANNER HAS THE BEST ACCURACY (PRECISION AND TRUENESS)? 
Posterior Sextant Scanning 
First we will consider posterior sextant scanning (teeth 12-15). The test models were aligned to 
the master model with the best mathematical fit for the Telio CAD teeth 2-15; then Mean Deviation 
(Trueness) and Standard Deviation (Precision) were measured on the posterior sextant. 
Trueness 
Table 2: Estimated Mean Deviation of Scanners from Master (Trueness; Posterior Sextant) 
(Closer to 0 µm is better.) 
  
Table 3: Pairwise Comparisons of Mean Deviations, Corrected for Multiple Comparisons (Trueness; 
Posterior Sextant) 
(P must be < 0.05 to be considered statistically significantly different; none reached this level.) 
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Posterior Sextant Scanning (Continued) 
Precision 
(Closer to 0 µm is better.) 
 
Table 5: Pairwise Comparisons of Standard Deviations, Corrected for Multiple Comparisons (Precision; 
Posterior Sextant) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights) 
 
For the posterior sextant scanning of Telio CAD crowns, we found no statistically significant 
differences in trueness between all of the scanner types. The Primescan was found to have better 
precision than the TRIOS. 
Table 4: Estimated Standard Deviation of Scanners from Master 
(Precision; Posterior Sextant) 
21 
 
Anterior Sextant Scanning 
Next we will consider anterior sextant scanning (teeth 6-11). The test models were aligned to 
the master model with the best mathematical fit for the Telio CAD teeth 2-15; then Mean Deviation 
(Trueness) and Standard Deviation (Precision) were measured on the anterior sextant. 
Trueness 
 
Table 6: Estimated Mean Deviation of Scanners from Master (Trueness; Anterior Sextant) 
(Closer to 0 µm is better.) 
 
Table 7: Pairwise Comparisons of Mean Deviations, Corrected for Multiple Comparisons (Trueness; 
Anterior Sextant) 





Anterior Sextant Scanning (Continued) 
Precision 
(Closer to 0 µm is better.) 
 
Table 9: Pairwise Comparisons of Standard Deviations, Corrected for Multiple Comparisons (Precision; 
Anterior Sextant) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights) 
 
For the anterior sextant scanning of Telio CAD crowns, we found the following differences in 
trueness between all of the scanner types: TRIOS 3 > TRIOS > Primescan > Element > Element 2. 
Statistically significant differences are highlighted in Table 7. 
Regarding precision, the TRIOS 3 and TRIOS again scored best, followed by the Element and 
Element 2, then Primescan. Statistically significant comparisons are highlighted in Table 9. 
Table 8: Estimated Standard Deviation of Scanners from Master (Precision; Anterior Sextant) 
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Cobalt-Chromium Crown Scanning 
The next challenge we presented to the scanners was scanning of the highly reflective CoCr 
crown at position 16. For this analysis the test models were aligned to the master model with the best 
mathematical fit for the CoCr crown, and Mean Deviation (Trueness) and Standard Deviation (Precision) 
were measured on the CoCr crown. 
Trueness 
 
Table 10: Estimated Mean Deviation of Scanners from Master (Trueness; CoCr Crown) 
(Closer to 0 µm is better.) 
 
 
Table 11: Pairwise Comparisons of Mean Deviations, Corrected for Multiple Comparisons (Trueness; 
CoCr Crown) 





CoCr Crown Scanning (Continued) 
Precision 
(Closer to 0 µm is better.) 
 
Table 13: Pairwise Comparisons of Standard Deviations, Corrected for Multiple Comparisons (Precision; 
CoCr Crown) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights) 
 
For the scanning of a CoCr posterior crown, we found the following differences in trueness 
between all of the scanner types: Element 2 > Element > TRIOS 3 > TRIOS > Primescan. Statistically 
significant differences are highlighted in Table 11. 
Regarding precision, the Element and Element 2 again scored best, followed by the TRIOS 3 and 
TRIOS, then Primescan. Statistically significant comparisons are highlighted in Table 13.  
Table 12: Estimated Standard Deviation of Scanners from Master (Precision; CoCr Crown) 
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QUESTION 2: WHICH TYPE OF SCANNER HAS THE BEST ACCURACY FOR FULL ARCH SCANNING? 
Full Arch Scanning 
We now consider performance of the scanner models at scanning the full arch, Telio CAD 
crowns 2-15 (As a reminder, Telio CAD was chosen because its refractive index approximates that of 
dental enamel and dentin). For this analysis the test models were aligned to the master model with the 
best mathematical fit for the Telio CAD crowns 2-15, and Mean Deviation (Trueness) and Standard 
Deviation (Precision) were measured on the crowns 2-15. 
Trueness 
  
Table 14: Estimated Mean Deviation of Scanners from Master (Trueness; Full Arch 2-15) 
(Closer to 0 µm is better.) 
 
 
Table 15: Pairwise Comparisons of Mean Deviations, Corrected for Multiple Comparisons (Trueness; Full 
Arch 2-15) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights)  
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Full Arch Scanning (Continued) 
Precision 
(Closer to 0 µm is better.) 
 
Table 17: Pairwise Comparisons of Standard Deviations, Corrected for Multiple Comparisons (Precision; 
Full Arch 2-15) 
(P must be < 0.05 to be considered statistically significantly different; None reached that level.) 
 
For the scanning of the full arch of Telio CAD crowns representing unprepared enamel teeth, we 
found the following differences in trueness between all of the scanner types: TRIOS 3 > TRIOS > 
Primescan > Element 2 > Element. Statistically significant differences are highlighted in Table 11. 
Regarding precision, no statistically significant differences were found between the scanners. 
These data are presented in Table 13.  
Table 16: Estimated Standard Deviation of Scanners from Master (Precision; Full Arch 2-15) 
27 
 
Cross-Arch Distance  
Another measure of full arch accuracy is to measure the cross-arch distance from the buccal 
surface of crown 2 to the buccal of crown 15. For this analysis the test models were aligned to the 
master model with the best mathematical fit for the Telio CAD crowns 2-15, and a caliper tool was used 
to measure the Deviation (Trueness) of the cross-arch distance. The cross-arch distance on the master 
model was 61.135 mm. 
Trueness 
  
Table 18: Estimated Mean Deviation of Scanners from Master (Trueness; Cross-Arch Distance) 
(Closer to 0 µm is better.) 
 
 
Table 19: Pairwise Comparisons of Mean Deviations, Corrected for Multiple Comparisons (Trueness; 
Cross-Arch Distance) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights) 
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For the Cross-Arch Distance when scanning the full arch of Telio CAD crowns representing 
unprepared enamel teeth, we found the following differences in trueness between all of the scanner 
types: Element 2 > Element > Primescan > TRIOS 3 > TRIOS. Statistically significant differences are 




QUESTION 3: WHICH TYPE OF SCANNER DEALS BEST WITH SCANNING DIFFERENT MATERIALS? 
As discussed previously, optical qualities of different materials can affect scanning performance. 
For this reason, we constructed a test model composed of Telio CAD resin, CoCr metal, PEEK resin, and 
Type IV dental stone. We can estimate a scanner’s ability to deal with various materials by changing the 
alignment of the test model and master model, for instance by aligning on the Telio CAD teeth 2-15 and 
measuring the accuracy of scanning the CoCr crown or PEEK scanbody. 
Mixed Materials: CoCr Crown 
First we present data on the performance of the scanner models at scanning the CoCr crown 16 
when the models were aligned for best fit on the Telio CAD crowns 2-15. 
Trueness 
  
Table 20: Est. Mean Deviation of Scanners from Master (Trueness; CoCr 16, Aligned on crowns 2-15) 
(Closer to 0 µm is better.) 
 
Table 21: Pairwise Comparisons of Mean Deviations, Corrected (Trueness; CoCr 16, Aligned on 2-15) 
(P must be < 0.05 to be considered statistically significantly different; None reached this threshold, 
although the Element-Primescan comparison came very close—Yellow highlight)  
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Mixed Materials: CoCr Crown (Continued) 
Precision  
(Closer to 0 µm is better.) 
 
Table 23: Pairwise Comparisons of Standard Deviations, Corrected for Multiple Comparisons (Precision; 
CoCr 16, Aligned on crowns 2-15) 
(P must be < 0.05 to be considered statistically significantly different; Yellow highlights) 
 
For the mixed-material scanning of the CoCr crown 16 when aligned on the Telio CAD teeth 2-
15, we found the following differences in trueness between the scanner types: Primescan > TRIOS > 
Element 2 > TRIOS 3 > Element. Statistically significant differences are highlighted in Table 21. 




Regarding precision, the Element and Element 2 scored best, followed by the TRIOS 3, 
Primescan, and TRIOS. Statistically significant comparisons are highlighted in Table 23.  
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Mixed Materials: PEEK Scanbody 
Finally we present data on the performance of the scanner models at scanning the PEEK 
Scanbody 1 when the models were aligned for best fit on the Telio CAD crowns 2-15. 
Trueness 
  
Table 24: Est. Mean Deviation of Scanners from Master (Trueness; PEEK Scanbody 1, Aligned on crowns 
2-15) 
(Closer to 0 µm is better.) 
 
 
Table 25: Pairwise Comparisons of Mean Deviations, Corrected (Trueness; PEEK Scanbody 1, Aligned on 
2-15) 




Mixed Materials: PEEK Scanbody (Continued) 
Precision  
 
Table 26: Linear mixed model for distance standard deviation with fixed effect for scanner type 
(Precision; PEEK Scanbody 1, Aligned on crowns 2-15). 
(Closer to 0 µm is better. Note that P > 0.05, indicating no statistically significant differences.) 
 
(Estimate closer to 0 µm is better. Note that all 95% confidence intervals overlap, indicating no 
statistically significant differences.) 
 
Table 27: Estimated Standard Deviation of Scanners from Master (Precision; PEEK Scanbody 1, Aligned 
on crowns 2-15) 
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For the mixed-material scanning of the PEEK scanbody 1 when aligned on the Telio CAD teeth 2-
15, we found the following differences in trueness between the scanner types: TRIOS 3 > TRIOS > 
Primescan > Element 2 > Element. Statistically significant differences are highlighted in Table 25. 
Regarding precision, no statistically significant differences were found between the scanners. 
These data are presented in Tables 26 and 27. 
 
 
    Range (abs. µm) Element Element 2 Primescan TRIOS TRIOS 3 
Posterior 
Sextant 
Trueness 2.28 - 13.6 -13.6 -11.13 -2.28 7.53 6.92 
Precision 78.4 - 127.6 80 79.13 78.4 127.6 84.8 
Anterior 
Sextant 
Trueness 4.96 - 19.2 -17.8 -19.2 -12.4 -6 -4.96 
Precision 63.84 - 77.32 70.2 71.53 77.32 66.53 63.84 
CoCr Crown 
Trueness 1.2 - 32.84 4.5 1.2 -32.84 -9.33 -5.48 
Precision 35.9 - 155.04 35.9 40.8 155.04 102.4 96.04 
Full Arch 
Trueness 0.12 - 13.8 -13.8 -12.6 -7.44 -0.87 -0.12 
Precision 72.47 - 92.33 72.9 72.47 73.48 92.33 73.08 
Cross-Arch Trueness 8.13 - 215 -11.5 -8.13 89.24 215 103.44 
CoCr (Mixed) 
Trueness 3.96 - 51.9 51.9* 8.47 -3.96* 4.13 14.6 
Precision 73.7 - 208 73.7 87.73 181.28 208 132.24 
PEEK (Mixed) 
Trueness 8.04 - 31.4 31.4 18.13 12.28 10.27 8.04 
Precision 46.4 - 64.48 55.9 46.4 58.08 62.87 64.48 
 Table 28: Summary of Results 
Colors indicate rank but not size of difference. Best = Green, light green, yellow, orange, red = Worst 
Colors represent statistically significant differences (P < 0.05). White cells represent not statistically 
significant difference. 









 To assist the reader in differentiating the scanner types, we have provided Table 28 as a 
summary of the data. The colors represent rankings where statistically significant differences were 
observed; if a scanner was not involved in a statistically significant difference, then the cell was left 
white. Note that we included values in the CoCr (Mixed) test for Trueness that did not quite meet the 
P<0.05 threshold for significance, since P was in fact 0.0552. 
 An important consideration when interpreting the data is the scale of measurements being 
made, as well as the range of values differentiating one scanner from another. We measured differences 
on the scale of 0 to 215 microns, and it should be remembered that average sized bacteria, such as 
Escherichia coli, are about 0.5 µm in diameter by 2 µm long. (34) Therefore the differentiating sizes in 
this study are not many lengths of an average sized bacterium. 
 This is particularly true for localized scanning, especially in the posterior region where the mean 
deviation from the master scanner only ranged from 2.28 – 13.6 µm. This indicates excellent trueness 
for all scanner types in this type of scan. On the other hand, we should not forget about precision. Here 
values are reported as standard deviations—the reader is reminded that 32% of point measurements 
returned by the scanner will be outside the range of 1 standard deviation. In the test for posterior 
sextant scanning, the TRIOS registered a standard deviation of 127.6 µm, which could give cause for 
concern that so many measurements strayed outside of that range. More statistically significant 
differences between scanners’ accuracy were seen in the Anterior Sextant, where the differing 
                                                          
34 (Encyclopædia Britannica, 2020) 
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geometry of the teeth may have affected the results. In addition, the nature of full-arch scanning 
requires that the orientation of the scanner handpiece be reversed in the middle of the anterior sextant, 
and this may help account for scanning variability. (35) 
 At this time most people recognize that intraoral scanners seem to be generally ‘good enough’ 
for clinical use in sextant scanning. For this reason, the current study also evaluated full arch scanning 
accuracy. Here we still found good results, with full arch (Telio CAD crowns 2-15) trueness ranging from 
0.12 – 13.8 µm mean deviation. Precision for this scan region ranged from a standard deviation of 72.47 
– 92.33 µm for each of the tested scanner models. The scanners’ mean deviation from the accepted 
standard cross arch distance of 61,135 µm was 8.13 µm for the iTero Element 2 to 215 µm for the 
3Shape TRIOS systems we tested. The TRIOS is an older system, and based on this result we might think 
twice before using it for a full arch application. However, the newer TRIOS 3 (and Primescan) did not 
show a statistically significant difference from the Element 2. 
 The final consideration we examined was scanning of different materials. In this regard, the 
older Element appeared to have comparatively reduced trueness, and the older TRIOS had reduced 
precision; whereas the newer TRIOS 3, Element 2, and Primescan systems faired generally better 
(Although the Primescan seemed to struggle somewhat with precision on the mirror-like CoCr crowns). 
   
                                                          






 For full-arch scanning, the TRIOS 3, TRIOS, and Primescan showed the best trueness and 
precision, while the Element 2, Element, TRIOS 3, and Primescan had the best cross-arch trueness. Only 
the TRIOS returned results that may be considered clinically problematic for full-arch application. 
 In scanning the posterior sextant, few differences were seen between all of the scanner types 
except that the TRIOS units we studied had poorer precision. 
 In scanning the anterior sextant, the TRIOS and TRIOS 3 exhibited statistically superior trueness 
and precision. 
 For highly reflective surfaces such as a posterior CoCr crown, the Element and Element 2 
performed best while the Primescan had more difficulty and higher standard deviations for precision. 
 In scanning mixed materials, the TRIOS 3 and Element 2 appeared to be the most accurate. 
 All scanners tended to return Mean Deviations within the acceptable range for clinical use; 
however, the reader is reminded that standard deviation from the mean is also an important parameter 
in scanning. Since 32% of point measurements returned by the scanner will be outside the range of 1 
standard deviation, attention should be paid to the precision of scanners, and not just the trueness. 
Since scanner standard deviations commonly ranged to more than 100 µm, we felt that some scanners 





Human Subjects  
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